We report almost perfectly vertically aligned ZnO nanorod arrays synthesized by the hydrothermal route at considerably lower temperature on a sputtered Al:ZnO seed layer using different growth strategies. The nanorod arrays demonstrate remarkable alignment along the c-axis over a large area. Several barrier layers, such as ZnO, Al 2 O 3 , BaTiO 3 and SiO 2 , were introduced to form the p-i-n junction to reduce the leakage current. The photocurrent is significantly reduced in nanorod arrays on AZO/SiO 2 /p-Si heterojunction due to multiple scattering phenomena from ZnO hexagonal facets associated with the nanorod arrays.
Introduction
Nanorods are becoming important materials for photovoltaic, gas sensors, biosensors and multitude of other applications. Nanorods have been used to increase pn-junction area in dye-sensitized solar cells and in polymer semiconductor hybrid solar cells. Electrodes consisting of nanorods in double layer capacitors increased the energy storage capacity and could lead to faster charging times. Vertically aligned nanorod arrays provide a simple matrix to study the average effect of assembled nanorods [1] [2] [3] [4] . One-dimensional (1-D) semiconductor nanomaterials have been attracting increasing attention due to their outstanding properties, which are different from bulk materials. Particularly, well-aligned ZnO nanorod arrays show great potential for solar cell applications [5, 6] . Nanorods have been used to increase pn-junction area in dye-sensitized solar cells [7] and in polymer semiconductor hybrid solar cells [8] . High mobility nanorods are pathways for exciton diffusion into pnjunctions in solar cells [9] . The charge transport as well as tailoring of band gap by either doping or quantum confinement due to size effects are considered to be very import issues for the application of semiconductor nanostructures, especially for solar cell applications. In order to investigate the doping effect, change occurred only by doping must be identified. When dopants are introduced during the forming process of nanostructures, they affect the optical properties of ZnO nanostructures. Furthermore, template-free (for example, not using porous alumina template) well aligned growth of nanostructure on the microstructural and optical characteristics of the solution-grown Al-doped ZnO nanorod arrays have significant impact for optical, electronic and opto-electronic applications. ZnO is a direct n-type semiconductor with a Wurtzite hexagonal structure, having a wide bandgap (3.33 eV at room temperature) and a large exciton binding energy (60 meV). Highly oriented vertical nanorod arrays are highly desired for their future application in various fields like nanoelectronic or photoelectronic materials where one-dimensional directionality is needed (lasing, photonic effects, etc.). Also, light scattering properties are under intense focus for application in the field of solar cells in order to enhance the absorption of light in thin absorber layers.
In this Letter, we report almost perfectly vertically aligned ZnO nanorod arrays synthesized by the hydrothermal route at 95°C on a sputtered Al:ZnO seed layer. The nanorod arrays demonstrate remarkable alignment along the c-axis over a large area. The electrical properties of the seed layers as well as the nanorod arrays were investigated. The optoelectronic properties, such as photovoltaic of nanorod arrays on Al:ZnO/p-Si seed layer with various barrier layers have been illustrated.
Experimental details
Al:ZnO (AZO) seed layer films were deposited to Boron doped p-Si and glass substrates by rf sputtering technique using an Ar pressure of 2.2 mTorr, rf power of 150 W, and the deposition temperature at 350°C for the deposition time of 20-30 min. An AZO (2 wt.% Al 2 O 3 in ZnO) ceramic target was used to deposit the AZO seed layer film. The Si substrate was cleaned using a mixture of HF:H 2 O (1:10) in order to remove SiO 2 and achieve H-terminated surface.
AZO nanorod arrays were grown by the hydrothermal method. The AZO seed laree coated samples were placed in an aqueous solution (50 ml) of different molarity concentration of 0.1, 0.05 M zinc nitrate (Zn(NO 3 ) 2 ), 0.1, 0.05 M hexamethylenetetramine (HMT), and different wt.% (1%, 5%, 10%) of Al doping. For Al doping two different chemicals, AlCl 3 and Al(NO 3 ) 2 , were used to explore the effect of each chemical on the growth parameters of the nanorod arrays. All precursors were dissolved in deionized water. A glass bottle with the cap screwed on tightly was used and heated in a silicon oil bath at a 95°C, for 2-4 h. At the end of the growth period, the samples were cooled to room temperature and removed from the solution. Then the samples were immediately rinsed with deionized water to remove any residual salt from the surface. Finally, the samples were blown with nitrogen and dried in air in an oven at 100°C for 10-15 min. It is noted that we report here only for one concentration, i.e., 5 wt.% of Al doping by nitrate precursors.
Thickness measurement of the seed layer was performed using Dektak profilometer, and found to be about 150 nm. The XRD measurements were performed on a Rigaku powder X-ray diffractometer with CuKa incident radiation (k = 1.5405 Å) to examine the crystallographic structure. X-ray diffraction studies show intense (0 0 2) peak, indicating Wurtzite structure and most of the nanorods grow with their c-axis normal to the surface, indicating that the nanorod arrays aligned vertically to the surface of the seed layer. In further examination of the XRD curves, a gradual increase in the (1 0 0), (0 0 2), and (1 0 1) peak intensity was seen with annealing temperature, indicative of improved crystallinity. Some of the XRD patterns, for example, for AZO nanorods grown with different Al wt.% (1%, 5%, 10%) using 0.05 M AlCl 3 as well as using 0.05 M Al(NO 3 ) 2 (Supplementary information, Fig. S1a and b, respectively) indicate the random orientation of nanorods as well as very good oriented nanorods with Wurtzite structure and hexagonal phase depending on the growth precursors.
Transmission electron microscope (TEM) to determine the crystal structure and morphology, field emission-scanning electron microscope (FE-SEM), Hitachi 4700 scanning electron microscope, as well as scanning electron microscope (SEM), JEOL JSM-5900LV, were used to examine the surface morphology and orientation of the nanorods arrays. The elemental composition analysis of the seed layer and nanorods (Supplementary information, Fig. S1c and d, respectively) was performed by energy dispersive spectroscopy (EDS). This indicates the AZO seed layer and nanorod arrays composition. Zinc, oxygen and aluminum peaks have been observed on the spectrum. The Al composition in nanorod is observed to be less.
The optical absorption was measured by UV-VIS-IR spectrophotometer (Perkin Elmer Lambda 950 UV-VIS-IR). Temperature dependence of the electrical resistivity was measured using a four-probe technique. The photocurrent was measured from the current-voltage characteristics using a solar simulator. It is interesting to note that the nanorods grow for molarity of 0.05 M while AlCl 3 was used for Al doping from 1 to 10 wt.% as illustrated in the TEM images of inset of Figure 2 . The superior crystalline quality of the nanorods is also demonstrated in the TEM images as shown in Figure 2 for all doping levels. The HR-TEM images clearly show that the nanorods are almost free from impurities. The electron dispersive X-ray spectroscopy (EDX) studies show that Al concentration increases from 0.9 wt.% to about , and 2.7 Â 10 9 with a typical nanorod length of 1-1.5 lm as Al doping is increased from 1, 5 and 10 wt.%. Figure 5 shows the temperature-dependent resistivity curves in order to compare the resistivity of AZO on glass and p-Si substrates grown at 350°C. The resistivity measurements were performed using the four probe techniques using Au contact pads. The temperature-dependent resistivity curves show the typical behavior of a degenerate semiconductor. When n-type semiconductors are heavily doped with Al ion donors, the semiconductor shows a metal-like property in the resistivity. At high doping levels, the donor atoms become so close to each other that it forms a degenerate semiconductor in which the Fermi level lies within the conduction band, similar to the case of metal [10] . The important characteristic in the graph is the observation of the metal-like and metal-semiconductor transition (MST) behavior. The MST was noticed in the vicinity of 125-130 K for the current films. However, the resistivity continues decreasing down to T = 100 K, showing a characteristic residual resistivity behavior at low temperature which is generally found in an impure metal. The MST temperature describes the semiconductor material as it transitions from an insulating phase to a metallic phase. To the left of the transition temperature is the insulating phase. As the temperature increases, the resistance decreases. To the right of the transition temperature is the metallic phase. As the temperature increases, the resistance increases. The observed metal-like and metal-semiconductor transitions are explained by taking into account the Mott phase transition in the framework of localization effects [11] as well as the competition between the thermally activated carriers and scattering effects of free carriers in a degenerate semiconductor. The lower resistivity of the AZO/glass films grown can be explained due to the Burstein-Moss effect that an increase of the Fermi level in the conduction band of a degenerate semiconductor leads to an energy band widening. The films showed a positive temperature coefficient of resistance (TCR) above MST and a negative TCR below it. The positive TCR metal-type conductivity behavior can be explained by the formation of a degenerate band appearing in heavily doped semiconductors as suggested by Mott, and found in other doped ZnO semiconductors such as Ga:ZnO 4 , Al:ZnO, Nb:TiO 2 , and As-and Er-doped ZnO [12] [13] [14] [15] [16] [17] . Alternatively, the MST transition can also be explained taking into account the percolation phenomenon, especially in the presence of metallic and semiconductor like networks, which facilitate competition between two types of conduction. Recently, the tunneling conductance in semiconducting nanotubes was modeled considering the possibility of inter-shell hopping [18] . However, this is beyond the scope of the present Letter. Figure 6 shows the dark current density vs. Figure 7 shows the current density vs. voltage characteristics of AZO/SiO 2 /p-Si. The dark leakage current density is about 0.4 mA/ cm 2 in the reverse bias region. The dark leakage current was reduced while its photocurrent induced under illumination was noticeably larger. It is known that under reverse bias, the current is affected by light. Under light, the photogenerated current density is about 0.7 mA/cm 2 in the reverse bias region. The graph shows a typical rectifying behavior for both cases. In the presence of light a photovoltaic behavior is observed. The short circuit current J sc was $6.93 Â 10 À5 A/cm 2 . The open circuit voltage V oc was about 1.97 Â 10 À1 V. It widely known that the photovoltaic effect is due to the light activated electron generation at the depletion region of the p-Si, notably near the heterojunction interface. Al:ZnO film is highly transparent (T > 90%) in the visible region, and that allows the visible light to pass through AZO film. For AZO/p-Si heterojunction, the light is primarily absorbed in the underlying p-Si layer. This generates electron-hole pairs, producing the photocurrent under reverse bias conditions [19] . As the UV photons are primarily absorbed in the AZO layer the photo-generated electrons diffuse towards the positive electrode through the AZO region. This gives rise to the increase in current almost linearly as the reverse bias increases as shown in all samples. On the other hand, the P-type silicon surface provides a supply of elections, which can enter into the AZO film. The effective coupling current flows due to the interchange of the charge between the conduction and valence-bands of the silicon by recombination and generation [19] . However, due to linear increase in current with increasing reverse bias, the diode characteristic did not arise. In order to see this effect, various intermediate layers where deposited between the AZO and p-Si layers. It was found that the AZO/SiO 2 /p-Si heterojunction with SiO 2 as an insulating barrier displayed a good rectifying diode behavior [20, 21] . Due to its rectifying behavior, we proceeded to investigate the following device structure with an AZO nanorod arrays grown on the AZO seed layer. Figure 8 shows the current density vs. voltage characteristics of AZO/SiO 2 /p-Si (SL) and AZONRs/AZO/SiO 2 /p-Si (NR). The AZO nanorod array grown on the AZO film comprised of 5% Al doping using 0.05 M AlCl 3 . The dark leakage current density is about 0.8 mA/ cm 2 in the reverse bias region. As stated earlier, the dark leakage current density is about 0.8 mA/cm 2 in the reverse bias region.
Results and discussion
The dark leakage current was reduced, while its photocurrent induced under illumination was noticeably larger. It is known that under reverse bias, the current is affected by light. Under light, the photogenerated current density is about 5 mA/cm 2 in the reverse bias region. As stated earlier, the photogenerated current density is about 0.7 mA/cm 2 in the reverse bias region. In the presence of light a photovoltaic behavior is observed. The inset in Figure 8 shows the photovoltaic effect of the photo current being generated for both samples showing a larger photovoltaic effect between the two. The short circuit current J sc was about 2.38 Â 10 À6 A/cm 2 , while the open circuit voltage V oc is about 1.92 Â 10 À2 V. In order to see this effect, the AZO/SiO 2 /p-Si heterojunction was illuminated under the halogen lamp with 1 W/cm 2 in order to observe the photovoltaic effect. The nanorods were grown on AZO/SiO 2 /p-Si heterojunction. The photocurrent is significantly reduced in nanorod arrays on AZO/SiO 2 /p-Si heterojunction due to multiple scattering phenomena associated with the nanorod arrays, which are very much single crystalline. The hexagonal facets of ZnO nanorods initiate the multiple scattering and will be discussed elsewhere in detail. However, this research may open up venues for various optical and opto-electronic applications where highly aligned nanostructures are desired. Further work in progress in order to study the effects of alignment of nanorod arrays on the photovoltaic properties.
Conclusion
We have demonstrated the growth of almost perfectly vertically aligned ZnO nanorod arrays synthesized by the hydrothermal route on a sputtered Al:ZnO seed layer on Si using different growth strategies. The well-aligned nanorods were grown at considerably lower temperature on a seed layer, however but without any template. The nanorod arrays demonstrate remarkable alignment along the c-axis over a large area. Several barrier layers, such as Al 2 O 3 , BaTiO 3 and SiO 2 were introduced to form the p-i-n junction to reduce the leakage current between Al:ZnO and p-Si. The photocurrent is significantly reduced in nanorod arrays on AZO/SiO 2 /p-Si heterojunction due to multiple scattering phenomena associated with the nanorod arrays. This research may open up venues for various optical and opto-electronic applications where highly aligned nanostructures are desired. 
